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ABSTRACT

LIGA fabricated materials and components exhibit several processing issues affecting their
metallurgical and mechanical properties, potentially limiting their usefulness for MEMS applications. For
example, LIGA processing by metal electrodeposition is very sensitive to deposition conditions which
causes significant processing lot variations of mechanical and metallurgical properties. Furthermore, the
process produces a material with a highly textured lenticular microstructural morphology suggesting an
anisotropic material response. Understanding and controlling out-of-plane anisotropy is desirable for
LIGA components designed for out-of-plane flexures. Previous work by the current authors [6] focussed
on results from a miniature servo-hydraulic mechanical test frame constructed for characterizing LIGA
materials. Those results demonstrated microstructural and mechanical properties dependencies with
plating bath current density in LIGA fabricated nickel (LIGA Ni). This presentation builds on that work
and fosters a methodology for controlling the properties of LIGA fabricated materials through processing.
New results include measurement of mechanical properties of LIGA fabricated copper (LIGA Cu), out-of-
plane and localized mechanical property measurements using compression testing and nanoindentation of
LIGA Ni and LIGA Cu.

INTRODUCTION

The LIGA fabrication process is an additive process in which structural material is typically
electrodeposited into a precision mold of plexiglass (PMMA) realized through deep x-ray lithography.
[1,2] Representative dimensions of components, which have a prismatic geometry, range from a few
micrometers to several millimeters with tolerances of less than 1 micrometer. The components clearly fall
within the commonly defined MEMS size regime. Metal electrodepositions such as those carried out in
the LIGA process usually generate microstrucutures with fine lenticular grains oriented parallel to the
deposition direction. These depositions yield unique mechanical properties that are very sensitive to
electrodeposition technique which involves several variables including electroplating bath chemistry,
geometry, agitation, and current density. Hence, the variation in mechanical properties that can occur for a
given electrodeposited material are dramatic and well-documented. [3,4] A tabletop servohydraulic load
frame fitted with a laser displacement measuring system was constructed to evaluate the mechanical
properties of LIGA specimens fabricated using different materials under a variety of electroplating
conditions. The system has several features that take advantage of the flexible patterning and batch
processing associated with LIGA fabrication. [5]

Previous work using the tabletop load frame demonstrated an inverse relationship between
material strength and plating bath current density in LIGA Ni. This relationship is directly attributable to
the grain size of the fabricated samples which increased with increasing current density. [6] Cross-section
micrographs and grain orientation distribution analyses of those LIGA tension specimens revealed other
microstructural features which encouraged the current investigation. A typical cross section micrograph of
LIGA Ni revealed a very fine grain structure on the intially deposited side of the deposition which gave
way to a coarser lenticular grain structure parallel to the electrodeposit growth direction. The lenticular
grains remained quite small however, rarely exceeding widths of 2-3 pm. Electron Backscatter Imaging
(EBSP) on several of the lenticular grains indicated their (100) crystal orientations were always nearly
parallel to the growth direction. Two major concerns based on these summarized results are addressed in
this paper. First, the presence of a highly textured columnar structure of the LIGA Ni suggests anisotropic
mechanical properties in the direction of deposition relative to the plating base plane. Second, local
microstructural variations of LIGA Ni, especially near the initially deposited surface, suggest local
variations in mechanical properties. Compression tests were performed to ascertain mechanical properties
parallel to the growth direction, which are important for components and designs with out-of-plane
flexures. Nanoindentation profiling experiments were conducted to characterize the variation in
mechanical properties across LIGA Ni samples caused by the change in microstructure from the initially
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deposited side to the lapped side. Also, new mechanical property results from LIGA deposited copper are
presented and discussed, adding to the growing database and understanding of LIGA fabricated materials
and components.

EXPERIMENTAL

Electrodeposition and Sample Preparation

LIGA Ni electroplating was carried out in a nickel sulfamate bath and LIGA Cu electroplating was
carried out in a SEL-REX CUBATH copper sulfate bath which is substantially as purchased from Enthone
OMI, Inc. Table I lists the properties of each electroplating bath. Both baths were continuously filtered
through a 1.0 um PTEFE filter with recirculating agitation. In the case of the LIGA Ni electroplating bath, a
low current density treatment was performed onto a corrugated cathode at 1-5 mA/cm? for a 72 hour period
after bath preparation. Also, the pH was maintained with sulfamic acid.

Table I - Properties of Nickel and Copper Electroplating Baths

Nickel Copper
Ni(NH,S50;),04H,0 440.1 g/l Cu (as metal) 17 g/l
Ni (as metal) 80 g/1 Copper sulfate 68 g/l
Boric Acid 48 g/l Sulfuric Acid 225 g/l
Wetting Agent 0.2 %/vol CUBATH M-HY 30 ml/gal
Temperature 50°C (additive)
pH 38-4.0 Temperature 25°C
Anode sulfur depolarized pH
nickel in Ti basket Anode Phosphorized copper
with PTFE bag (0.05% P) with anode
bag

Samples for tension and nanoindentation testing were
prepared using deep x-ray lithography and electroplating with an
unpatterned sacrificial layer. Silicon substrates were prepared with
a sputtered Ti/Cu plating base at 30/100 nm thickness. Deep x-ray
lithography followed with PMMA as the x-ray photoresist and
electroform mold material. The copper plating base layer seeded the
LIGA deposits which were electrodeposited to depths greater than
the film thickness, then lapped back flat and parallel to the mold
surface. The specimens were released by dissolving the PMMA
and selectively etching the underlying copper with an ammonium
hydroxide based etchant. The simple cylindrical geometry samples
for compression testing were fabricated in the same fashion except
the 1 mm wide by 1.6 mm high PMMA molds were drilled using a
high precision 1 mm diameter drill bit, instead of fabrication by
exposure to x-ray synchrotron radiation.

Mechanical and Microscopic Analyses

Compression test platens were designed and built for use in
the existing table top servohydraulic load frame. Fig. 1 compares
a standard tension test with a compression test using the platens. (b)

All compression test samples were LIGA Ni fabricated at a Fig. 1 (a) Tension test in progress
current density of 50 mA/cm®. Specimen dimensions: 1.66 mm using tabletop mechanical test
high and 1 mm in diameter. Metallographic analysis was frame. (b) Compression test using
performed on the compression samples, augmenting the newly designed platens with tabs
mechanical results. for measuring displacement




Nanoindentation profiling was conducted by applying a grid of
3 sided pyramidal Berkovich indents [7] parallel to the initially
deposited and lapped sides of cross-sectioned 160 pm thick LIGA Ni
samples deposited at current densities 20 mA/cm” and 50 mA/cm?, and
a LIGA Cu sample deposited at a current density of 30 mA/cm®.
Indentation loads were 2 grams for the LIGA Ni samples and 1 gram
for the LIGA Cu sample, indentation spacing within each grid was
approximately 15 pm x 15 um . Rows of ten indents parallel to the
deposited and lapped surfaces were averaged together to determine the
variation of hardness through the thickness of the samples, as suggested
by the cross-section metallographic results discussed in the introduction
section. An example of this experiment is illustrated in Fig. 2.

Tension testing was conducted on as-desposited and annealed
500°C/1 hr. LIGA Cu samples. The procedure followed that of LIGA  Fig. 2 Nanoindentation profiling

Ni tension testing on the table top servohydraulic mechanical test on a LIGA Ni cross section plated
frame discussed in Ref. [6] and illustrated in Fig. 1. at a current density of 50 mA/cm’.
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True stress-strain compression test results
are plotted and compared with tension test results
from LIGA Ni deposited at the same current
density, 50 mA/cm?, in Fig. 3. The compression
curves are not compliance corrected. The small 00 Tension: Oy, = 277 MPa 7
difference in 0.2% proof stress determined from Compression: G,,,= 270
the stress-strain data and also listed in Fig. 3 100
indicates that the primary difference in stress- i | i
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strain response of the tension vs. compression 0 0 005 01 015 02 025
tests is caused by compliance in the system during Fig. 3 LIGA Ni 50 mA/cm? stress-strain response of
compression testing. Fig. 4 illustrates optical in-plane tension samples and compression samples
micrographs of cross-sectioned LIGA Ni aligned parallel to the plating direction.

compression cylinders, the plating direction of the

cylinders is from right to left on the page. These pictures reveal deviations from the expected columnar
structure near the plating base side of the compression cylinders. Some PMMA residue remained in the
bottom of the mold as a result of drilling the molds rather than removing the PMMA using standard X-ray
photolithographic and etching techniques. The change in resistance on the regions of the plating base
where PMMA residue was present caused current crowding resulting in a local change in initially
deposited microstructure and a deviation from the expected lenticular microstructure favored for
determining the mechanical properties in the plating direction. A peculiar change from a generally
lenticular microstructure to a more equiaxed structure is observed in the top half of the deformed
compression cylinder, illustrated in Fig. 4(b). Also, the high magnification micrograph in Fig. 4(c)
revealed small twins in the as plated microstructure.

Fig. 4 Cross-section micrographs of (a) undeformed, (b) deformed, and (c) undeformed at high
magnification compression test cylinders.




Table II Mechanical Properties of LIGA Cu 400

T |
LIGA Cu E  Gpa G & 350 |- As-Plated -
30 mA/cm’> (GPa) (MPa) (MPa) o) 300 -
o
As Plated 101 243 378 0.22 2 250 _
As Plated 101 233 370 0.22 2
o 200 —
As Plated 137 240 382 0.23 %
Annealed 66 125 325 027 5 1Y ATREEEE S0 Y Fr
500°C/1 hr. E 100
Annealed 86 120 329 0.28 50
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Tension Testing of as-deposited and Annealed 0 005 OJTru% 185traig‘2 025 03
LIGA Cu Fig. 5 True stress-strain response of as-deposited
and annealed LIGA Cu.

Results from tensile tests on LIGA Cu in the .
as-deposited and annealed 500°C/1 hr. conditions are illustrated in Fig. 5 and summarized in Table II. The
measured elastic modulus for LIGA Cu is about 30% lower than that measured for LIGA Ni (160 GPa
[6]). However, yield strength, fracture stress and fracture strain are somewhat comparable between the two
LIGA deposited metals. Both are FCC metals with very similar bulk mechanical properties, except elastic
modulus, and differences in measured mechanical response of LIGA deposited Ni and LIGA deposited Cu
can be attributed primarily to differences in grain size and grain orientation texture. Tension tests on
annealed LIGA Cu samples revealed an expected reduction in strength due to grain growth during heat
treatment. Metallographic cross-sections of as-deposited and annealed LIGA Cu illustrated significant
grain growth cause by the heat treatment. Twins were not observed in either LIGA Cu microstructure.

Nanoindentation Profiling of LIGA Ni and LIGA Cu
350

Fig. 6 illustrates results from nanoindenation LIGA Ni 20 mA/em?

profiling experiments on cross-sections of 160 um 300

thick LIGA Ni deposited at current densities of 50 _} {
250 } } { [ } { { -

mA/cm? and 20 mA/cm?, and LIGA Cu. The
LI i 50 mA/gm®

nanoindentation profiling measurements revealed a
200 =
e

trend of increasing hardness near the initially
deposited side of the LIGA Ni 50 mA/cm”® sample.
150 |-
ptatitdagesd
T LIGA Cu 30 mA/lcm” |

Measured hardness increased 20% near the deposited
surface and increased hardness values extended
appproximately 30 pm into the sample. Cross section
metallography did not clearly indicate the difference
between the initially deposited side and the lapped
side on the LIGA Ni 20 mA/cm’” sample. As
expected given the smaller grain size in the lower
current density sample, average hardness values are 50 -
significantly higher in the 20 mA/cm® sample when
compared with the LIGA Ni 50 mA/cm* In the

100

Calculated Vickers Hardness

LIGA 20 mA/cm® sample, nanoindentation profiling 0 L . . I ' '

did not reveal a significant change in hardness near 0_ 20 4(_) . _60 80 190 129 140 160
either surface. Discerning initially deposited and Dist. from initially Deposited Side (1m)
lapped surfaces was not possible using cross-section Fig. 6 Results from nanoindentation profile
metallography in the as-deposited LIGA Cu 30 mA/cm® experiments on cross-section LIGA samples.

sample. However, cross section nanoindentation profiling

on the LIGA Cu sample revealed significant hardness changes near both edges of the sample. Near one
edge hardness values measured significantly lower with a very high standard deviation, near the other
edge, hardness values increased. Nanoindentation measurements directly on the lapped and initially




Table II - Summary of Mechanical and Hardness properties on LIGA Cu and LIGA Ni

Mechanical Testing

Hardness Testing

LIGA Ni

0.2% Proof
Stress (MPa)
Tension

277+7.6

0.2% Proof
Stress (MPa)
Compression

270+1.0
3

Elastic
Modulus
(GPa)

VHN 100g load

x-section

175£2.4 (5)

lapped
side

187+5.5 (10)*

initially
deposited
side

191+4.5 (10)*

nano-VHN 2g load

187+26.2 (110)

2024229 (20)*

200£23.6 (18)*

Elastic Mod. (GPa)

184+14.2 (110)

146110.6 (20)*

157484 (20)*

LIGA Ni
50 mA/cm’®
annealed

600°C /1 hr.

159+8.0

(3)
550°C /1 hr.

92
@

LIGA Ni
20 mA/cm?®

as-deposited

441127,
3

156+9.3
(3)

VHN-100g load

230x11.(10)

24249.1 (10)*

257+3.5 (10)*

nano-VHN 2¢g load

258%£28 (110)

268424 (20)*

Elastic Mod. (GPa)

198+13 (110)

187£13 (20)*

LIGA Cu
30 mA/cm?

as-deposited

239+5.1
3)

11321
3

nano-VHN 1g load

131£15 (138)

123+4.5 (16)

65.4+10.3 (20)

Elastic Mod. (GPa)

133412 (138)

145+8.5 (20)

11311 (20)

LIGA Cu
30 mA/cm?®
annealed

122.5

@
500°C/1 hr.

500°C/1 hr.

nano-VHN 1g load

86.4+10 (20)

83.4+10.4 (20)*

Elastic Mod. (GPa)

108+6.7 (20)

120.3+9.1 (20)*

deposited side of the LIGA Cu sample, given in Table II, indicate that the intially deposited side is
signficantly softer than the rest of the deposition.

DISCUSSION

Table II summarizes mechanical properties data from tension, compression, micro- and nano-
indenation tests on LIGA Ni plated at current densities 20 mA/cm’ and 50 mA/cm’, and LIGA Cu plated at
30 mA/cm?®. The table includes a few additional experimental results not discussed in the previous section.
Some of these experiments were conducted for previous work [6], a few others to complete Table II and
assist in discerning key mechanical property trends in LIGA Ni and LIGA Cu. They include tension and
compression tests on annealed LIGA Ni, and small scale hardness testing on the deposited and lapped
sides of LIGA Ni 20 mA/cm?, LIGA Ni 50 mA/cm? and LIGA Cu 30 mA/cm?. In Table II, numbers
inside parenthesis indicate the number of tests taken for each averaged value listed and asterisks denote
hardness testing was conducted on samples with metallographically polished surfaces.

The LIGA Ni 50 mA/cm’ annealed tension and compression data is compared in the second row of
Table IT. Although the tension tests were conducted in a different orientation relative to the compression
tests, the mechanical strength of the material in the as-deposited condition is very nearly the same, as noted
in the previous section. Consequently, the significant difference in strength of the annealed LIGA Ni in
tension vs. compression listed in the same row is caused by the relatively small difference in annealing
temperatures, 600°C vs. 550°C. This result suggests that the choice of temperatures, within 50°C, for high
temperature (300°C-900°C) processing operations on LIGA Ni, such as diffusion bonding, imparts
significant changes in mechanical properties. An annealing temperature vs. mechanical properties study to
determine heat treatment temperatures would optimize such processing operations.

Table II indicates a large change in elastic modulus measured in tension between the as-deposited
and annealed LIGA Ni and LIGA Cu. In each case, the measured elastic modulus of the annealed material
is very low, yet elastic modulus measurements [7] taken during the unloading step of nanoindentation tests
on LIGA Cu give elastic modulus values much more consistent with as-deposited LIGA Cu. The low
elastic modulus measurements in tension of the annealed materials could be caused by a combination of




the somewhat diffuse yielding behavior ubiquitous in pure annealed FCC metals and displacement
measurement resolution not fine enough to accurately observe this at low strains on small specimens.
Nevertheless, all stress-stress curves of annealed LIGA Ni and LIGA Cu (some are illustrated in [6])
exhibited distinctive knee-bend transitions from elastic to plastic deformation, providing evidence that the
"diffuse yield" explanation is not a valid one. Reduced constraint due to few grains through the thickness
in the gage length of the tension specimens or grain orientation anisotropy are other possible explanations
for the unusually low measured modulus value of the annealed materials in Table II. However, in the case
of annealed LIGA Ni, the elastic modulus measured in tension is less than the theoretical lower limit of
elastic modulus in a nickel single crystal, 137 GPa.

A comparison of hardness and modulus values on the right hand side of Table II reveals the
apparent anisotropy and variability of mechanical properties in LIGA deposited samples. In all cases of
micro- and nano- hardness testing, hardness and modulus values differ significantly between cross-sections
and polished top and bottom sides of LIGA deposited samples. The nanohardness tests on LIGA Cu
deposited at 30 mA/cm’ are the only set of hardness measurements where the top and bottom, or lapped
and initially deposited, sides were not polished thus no affected near surface layers were removed and
more representative surface hardness measurements were taken. In this case, a very large difference, 123
VHN vs. 65 VHN, in hardness was observed between the lapped and initially deposited surfaces. These
results permitted determination of the initially deposited and lapped sides of the LIGA Cu sample data
presented in Fig 6. LIGA Cu exhibits softening near the initially deposited surface and hardening near the
lapped surface, a very different observation from the LIGA deposited Ni samples.

In summary, using the fabrication methods discussed in this paper, a LIGA Ni or LIGA Cu
component will exhibit a different surface hardness on each surface of the component, in LIGA Cau this »
difference is very large. The same component will most likely exhibit a variation in mechanical properties
through the thickness of the deposition. In LIGA Ni, this variation was exhibited up to 40 pm deep on the
initially deposited side of a sample. In LIGA Cu, this variation was exhibited on both sides of the sample,
albeit not nearly as deep. An anisotropic mechanical response which varies out of the deposition plane is
expected but not yet observed as a result of the highly (100) oriented lenticular grain structure in the
LIGA Ni depositions. The grain orientation distribution and microstructural morphology are currently not
as well characterized in LIGA Cu, thus no qualitative determination of this materials' out-of plane
mechanical response can be made at this time. Finally, both materials exhibit rapid softening due to grain
growth at modest to high annealing temperatures but evidence suggests that quantification of mechanical
properties vs. heat treatment temperatures would optimize high temperature post processing operations on
LIGA fabricated materials.
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